ecosystems into which they encroach (Knapp et al., 2008) . In grasslands and other herbaceous-dominated communities, the arrival of shrubs may alter light, water and nutrient availability, but outcomes will vary from community to community (Archer et al., 2017; Eldridge et al., 2011) . Thus, experiments testing community response to shrub encroachment can help shape our understanding of how ecosystems will function in the face of climate-induced plant species range alterations.
Arid grasslands are susceptible to ecosystem degradation in response to shrub encroachment, with declines in grass species cover and abundance a common result (Archer et al., 2017; Eldridge et al., 2011) . However, shrubs can promote establishment of target species during restoration by acting as "nurse plants" (Gomez-Aparicio, 2009 ). This is particularly true in dryland ecosystems (Padilla & Pugnaire, 2006) , although big sagebrush in the western United States has been shown to neither inhibit nor promote the establishment of perennial grasses in their understorey (Huber-Sannwald & Pyke, 2005) .
These seemingly disparate responses to shrub encroachment are potentially explainable in the context of the stress gradient hypothesis (SGH; Bertness & Callaway, 1994) , which posits that species interactions will be predominantly negative or competitive when conditions are favourable to growth, and positive or facilitative under stressful conditions. For instance, a global study of species interactions in montane systems found competition was more common at lower elevations and facilitation common at higher elevations (Callaway et al., 2002) . However, that study focused on mesic systems where low-temperature stress and elevation are correlated. In arid mountain ranges, elevation can be positively correlated with lowtemperature stress but negatively correlated with moisture stress, and mixed results have emerged as to how competitive and facilitative interactions between plant species are distributed across such gradients (Michalet, 2006) . Attempts to establish patterns of competition and facilitation along arid gradients have produced contrasting results (Maestre, Callaway, Valladares, & Lortie, 2009; Michalet, Schöb, Lortie, Brooker, & Callaway, 2014; Soliveres & Maestre, 2014) .
Quantifying how range-expanding species in arid mountain systems interact with residents along environmental gradients can help to clarify where the SGH predicts the outcome of species interactions, while also providing insights into the composition of future plant communities under climate warming.
In California's White Mountains, rising temperatures and declining precipitation have coincided with lower abundance of several alpine cushion plant species and the upward advancement of Artemisia rothrockii (sagebrush) (Kopp & Cleland, 2014) . Where sagebrush is actively colonizing alpine habitats, it forms distinct colonies or stands (Supporting information Appendix S1: Figure S1 ). The development of these stands results in changes in light, soil moisture and nutrient availability, and moderation of temperatures as well as changes in plant community composition (Cabral, De Miguel, Rescia, Schmitz, & Pineda, 2003) . When woody species encroach into previously shrubfree communities, they often produce a positive feedback loop resulting in enhanced establishment of same-species propagules (D'Odorico et al., 2013; Germino & Smith, 1999 , 2000 Germino, Smith, & Resor, 2002) . Therefore, the encroachment of sagebrush has the potential to transform the composition of alpine plant communities.
In ecosystems that have been altered by shrub encroachment, how will the plant community respond if the shrub species is removed? Several neighbour removal experiments have attempted to answer this question. In California's Sierra Nevada, the removal of sagebrush at a recently encroached site (Bauer, Berlow, & D'Antonio, 2002 ) along a gradient of increasing soil moisture resulted in increased herbaceous cover as water availability increased (Berlow, D'Antonio, & Swartz, 2003) . In addition, sagebrush removal has resulted in increased soil moisture (Inouye, 2006) and soil temperature (Prevéy, Germino, Huntly, & Inouye, 2009 ) in other sagebrush steppe communities in the western United States. However, the legacy effects of sagebrush on soil C and N stocks persist after removal since shrubs in these systems often act as resource islands (Bechtold & Inouye, 2007) . Generally, the removal of shrubs in mountain systems results in responses similar to those predicted by the SGH, with herbaceous species increasing at low elevations and decreasing at high elevations in response to shrub removal (Callaway et al., 2002; Choler, Michalet, & Callaway, 2001 ). However, these results have largely been interpreted in the context of temperature stress, with stress increasing as temperatures decrease. When examining species interactions along gradients of aridity, results have been mixed, with support for increased facilitation with increasing aridity while other results demonstrate greater competition between species with increasing aridity (Maestre et al., 2009) . In a sagebrush steppe community in the northern Great Basin, specifically, sagebrush is a stronger facilitator with increasing aridity and heat (Reisner, Doescher, Pyke, & McCune, 2010) . F I G U R E 1 Mean cumulative vegetation cover (with 95% confidence intervals) at 2,900, 3,100 and 3,750 m a.s.l. in California's White Mountains and depiction of rainfall and temperature gradients from low to high elevation. The largest moisture stress is at low elevations while cold temperature stress is greatest at high elevations. Intermediate levels of stress are found at middle elevations, and this is reflected in the highest cover of vegetation occurring at 3,100 m [Colour figure can be viewed at wileyonlinelibrary.com] Maestre et al. (2009) refined the predictions of the SGH, stating that the outcome of species interactions should depend on whether the stress gradient is abiotic or resource-based, and whether the interacting species are stress-tolerant vs strong resource competitors; they predicted that positive interactions are most likely to be observed at medium levels of both resource-based and abiotic stress, when the benefit of environmental amelioration by neighbours outweighs the negative effects of competition. In contrast, if both interacting species are strong competitors, neighbours are likely to have negative interactions even under conditions of high stress. However, support for this refined prediction of the SGH has been mixed (Soliveres & Maestre, 2014) .
In this study, we investigated how sagebrush influences an alpine plant community, where it has recently encroached, vs how sagebrush influences lower elevation sub-alpine communities, where it is a defining component of the vegetation (Hall, 1991) . To do this, we conducted a sagebrush removal experiment to test how competition with sagebrush affects the broader plant community.
In the White Mountains, higher elevations have lower temperatures but higher rainfall, such that high elevations may experience temperature stress while low elevations experience water stress ( Figure 1 ; Table 1 ). Hence, in this system, we hypothesized that the removal of sagebrush would have the greatest positive effect on cover of co-occurring herbaceous species at intermediate elevations where environmental conditions are more favourable to plant growth, and thus shrubs are most likely to compete with understorey species.
| ME THODS

| Study system
This study was conducted in the arid White Mountains of California. Photosynthetically Active Radiation (PAR) sensor; Decagon, Pullman, WA, US) was 71 ± 6% (2,900 m), 43 ± 4% (3,100 m) and 76 ± 17%
(3,750 m). The lower interception value at 3,100 m is the result of plants at that elevation having less compact canopies, allowing high light penetration (Supporting information Appendix S1: Figure S2b ).
Due to the small size of individual sagebrush plants in this system, we do not expect there would be significant root competition between shrubs outside of the removal plots and the herbaceous species within removal plots. Below-ground root barriers would have been impossible in the rocky soils, and hence we proceed with the caveat that our removal treatment was confined to above-ground shrub biomass.
The low-and mid-elevation sites contained six Open (no sagebrush present), six Sagebrush and six Sagebrush Removal plots (n = 18 at each site). At the high-elevation site, a larger number of plots were initially established (n = 32) to measure species cover response to recent sagebrush encroachment. At this high-elevation site, sagebrush is patchily distributed. Four stands of sagebrush were identified; sagebrush was removed from two plots within each stand (n = 8); and two plots were left intact as Sagebrush controls (n = 8).
Plots approximately 2 m outside of the sagebrush stands were used TA B L E 1 Site name, elevation, soil type, mean annual precipitation and temperature (PRISM Climate Group) and mean 2013 biomass production for the three study sites in California's White Mountains as non-sagebrush controls (Open; n = 16). At low-and mid-elevation sites, plots with and without sagebrush were selectively chosen to assure sufficient cover of both grasses and forbs to measure treatment responses, and so plots were located at varying distances from one another. At the high-elevation site, individual non-sagebrush target species were more abundant, and so the Open plots were a consistent distance from the edge of the sagebrush stands.
Pretreatment species cover data were collected for each plot in June and July 2011. At the peak of each growing season in 2012-2015 (Jun or Jul depending on seasonal growing conditions), species cover was visually estimated in each plot using a 1 m × 1 m quadrat with 10 cm × 10 cm partitions in order to record individual species cover responses to treatments (Supporting information Appendix S1: Figure S2 ).
| Data analysis
Statistical analyses were conducted using the statistical programming language R, v 3.2.1 (R Development Core Team, 2015). To determine whether there was a significant difference in cover of species within and outside of high-elevation sagebrush stands, cover values were compared via t-test. Aggregate community responses (cover of grasses, forbs and total cover) in the sagebrush removal experiment were evaluated with repeated measures linear models, where plot was the unit repeated; year, elevation and sagebrush treatment were factors; and pretreatment cover was a covariate.
| RE SULTS
| Plant community response to recent sagebrush encroachment
At the high-elevation site, where sagebrush has recently encroached (Kopp & Cleland, 2014) , 2011 total cover of non-sagebrush species was significantly higher in uncolonized than in sagebrush-colonized alpine fellfield (t 17 = 4.23, p < 0.01). This difference was accounted for by grass species, which had significantly less cover in sagebrush stands than non-encroached alpine fellfield (Figure 2; 
| Aggregate community responses to treatments
Due to severe drought conditions experienced over the duration of the experiment (Robeson, 2015) , aggregate herbaceous species F I G U R E 2 Mean total (top row), grass (middle row) and forb (bottom row) cover across Open, Sagebrush Removal and Sagebrush treatments (with 95% confidence intervals) at 2,900, 3,100 and 3,750 m a.s.l. in 2011 and 2015. Cover declined overall in response to the strong drought over the study period. Grasses declined most under shrubs at the high elevation, and forbs declined under shrubs at the two lower elevations (Group x Treatment x Elevation interaction). This demonstrates that functional groups vary in their response to shrubs in this system and that the nature of these interactions varies across environmental gradients cover declined across time (Year; F 1,367 = 29.3, p < 0.01), especially at middle elevations (Elevation*Year; F 2,367 = 8.21, p < 0.01), which had higher total cover than high or low elevations (Elevation; 
| D ISCUSS I ON
Inter-specific relationships between plants along elevational gradients are hypothesized to shift from competitive to facilitative as abiotic conditions become increasingly harsh (Bertness & Callaway, 1994) . However, in arid mountain ranges, where there are contrasting gradients of temperature and precipitation (Figure 1 ), observed patterns of facilitation and competition between species have not been consistent across studies (reviewed by Maestre et al., 2009) .
Hence, based on the classic predictions of the SGH, we expected to find negative effects of A. rothrockii on plant cover and richness at intermediate elevations and positive effects at both high and low elevations, producing a unimodal pattern of plant biomass production (Wang, Luo, Li, Tang, & Du, 2013) . Consistent with Grime's (1973 Grime's ( , 1977 concept that community biomass is inversely proportional to plant stress, intermediate elevations had the highest plant cover and biomass ( Figure 1 , Table 1 ), and therefore the lowest net impact of abiotic and resource stress. However, high elevations also have higher soil moisture, soil organic C and N, as well as microbial biomass and activity than lower elevations (Collins, Carey, Aronson, Kopp, & Diez, 2016) , suggesting higher resource stress at low elevations. Further, while Callaway et al. (2002) Nevertheless, establishing patterns of competition and facilitation along arid gradients remains difficult (Maestre et al., 2009; Michalet, Schöb, et al., 2014; Soliveres & Maestre, 2014) , and our results reinforce the need to refine the predictions of the SGH for these high-elevation sites that can experience both high temperatures and aridity during the growing season.
At high elevations in the White Mountains, we found that sagebrush encroachment has inhibited grasses, with neutral effects on the cover of cushion plants, the dominant forbs in this system (Figure 2 ).
Our findings are consistent with studies of shrub encroachment in other alpine systems that have also resulted in decreased cover of co-occurring herbaceous species (Brandt, Haynes, Kuemmerle, Waller, & Radeloff, 2013; Wookey et al., 2009) . Therefore, if sagebrush continues to encroach into high elevations, declines in herbaceous species in alpine areas of the White Mountains will likely continue. However, our findings suggest that the declines of cushion plants reported by Kopp and Cleland (2014) are not solely caused by sagebrush expansion, but also the result of long-term warming and drying, especially considering that declines in these species occurred at elevations where sagebrush has not yet established robust populations. This is further supported by a passive warming experiment showing declines of cushion plants in warmed plots compared to controls at this location (Kopp, 2014) .
Similar to the results of this study, Maestre and Cortina (2004) found that in semi-arid Mediterranean steppe, species interactions involving stress-tolerant species along a rainfall gradient were competitive at both ends of the gradient. They concluded that in situations where the quantity of the most limiting resource is low enough that the benefits of facilitation cannot overcome the cost of resource uptake, a shift from facilitation to competition in situations of high abiotic stress could occur (Michalet, Le Bagousse Pinguet, Maalouf, & Lortie, 2014) . The plant community in the White Mountains is dominated by stress-tolerant plants (Rundel, Gibson, & Sharifi, 2005) , and so the findings of Maestre and Cortina (2004) ) are informative to our results. At the high-elevation site, where moisture availability was highest and temperatures lowest, total non-sagebrush cover was low in the presence of sagebrush compared to plots where no sagebrush was present (Figure 2 ). This indicates strong negative effects of sagebrush where temperature stress is intense, even though moisture stress is low. At the low-elevation site, where temperature stress is lower but moisture stress is higher, non-sagebrush cover was marginally lower in the presence of sagebrush compared to plots without sagebrush in 2011, and this difference strengthened as drought-intensified water stress increased through 2015 (Figure 2) . Finally, at the mid-elevation site, there was no statistical difference in non-sagebrush cover between plots with and without sagebrush. These differences did not change over time, regardless of treatment. When sagebrush was removed at high elevation, the cover of non-sagebrush species responded positively, eventually reaching statistical parity with non-sagebrush-encroached Open plots. A similar response to sagebrush removal was observed at the low-elevation site, while neutral responses were recorded at the mid-elevation site (Figure 2 ). Sagebrush is a strong competitor for water (Berlow et al., 2003; Inouye, 2006) , and thus competition with sagebrush for water at the high-elevation site on its own may not be limiting to water stress-tolerant non-sagebrush species (Rundel et al., 2005) but when this competition is added to the stress of low temperatures at the site, the balance is tipped in favour of sagebrush.
This study has important implications for the management of alpine and sub-alpine ecosystems in the White Mountains.
Management efforts in sagebrush ecosystems often aim to reduce the quantity of woody vegetation in order to increase herbaceous forage for livestock (Beck, Connelly, & Wambolt, 2012) . Shrub removal can also reduce fuel loads, thus increasing the system's resistance to fire, a primary source of disturbance and degradation (Chambers et al., 2014) . Despite the potential for shrubs to act as nurse plants in dryland ecosystems (Padilla & Pugnaire, 2006) , our study found predominantly negative or neutral effects of sagebrush on understorey species, with no evidence of facilitation in this system, similar to findings of Huber-Sannwald and Pyke (2005) . Hence, shrub removal at these elevations would be unlikely to reduce herbaceous diversity and could even promote recovery of some herbaceous species which have declined during the period of sagebrush encroachment.
As with any experimental study, important caveats limit our ability to make broad conclusions about the strength of species interactions beyond this particular study system. We cannot ignore the possibility that sources of environmental stress not related to temperature or rainfall are affecting these results. For instance,
shading is a mechanism that could potentially explain the predominantly negative effects of sagebrush that we observed. A separate study at the two highest elevations found higher biomass and cover of herbaceous species under an experimental shading treatment (Kopp, 2014) , suggesting shading was not responsible for the negative effects of sagebrush we observed in this study. However, sagebrush intercepted more light at the high and low elevations and less light at the middle elevation, despite cover of this species being relatively uniform across the gradient (Kopp & Cleland, 2014 ).
Therefore, it is possible that the denser canopy structures of sagebrush at high and low elevations were associated with the negative effects of sagebrush on understorey species at those sites, and the neutral effect of sagebrush at the middle elevation, where the shrub canopy is more open. While not tested, an alternative explanation for the strong negative response by grasses to sagebrush encroachment could be allelopathy. The strong negative response of grasses to sagebrush presence at high elevation compared to more muted responses at lower elevation may be indicative of species along this gradient selecting for individuals that are resistant to sagebrush's allelopathic properties (Groves & Anderson, 1981; Kelsey, Stephens, & Shafizadeh, 1982; Weaver & Klarich, 1977) , with highelevation grass populations lacking evolved resistance. Future research should aim to isolate the impact of allelopathy by species such as sagebrush along gradients of abiotic stress and duration of presence on the landscape. Further, livestock grazing, which had once been common in our study system (Harold, 1966; McElroy, 1964) , was curtailed several decades prior to our study and likely did not impact on our results. Grazing by native herbivores is light in this system, and no measurable grazing was observed. Finally, plant species relationships with sagebrush are complex and may be site-and soil-specific (Davies, Bates, & Miller, 2007) .
In conclusion, in contrast to the predictions of the SGH, we found predominantly negative effects of sagebrush on co-occurring species at elevations with more stressful conditions, and neutral interactions at the mid-elevation site where conditions were most conducive to plant growth. Specifically, we found the encroachment of sagebrush into the White Mountains' alpine zone is reducing the abundance of grasses, and sagebrush removal increased grass abundance in this highelevation site. These results demonstrate that shrub species, such as sagebrush, can have important influences on herbaceous species composition when they expand their elevational range margins. Further, our findings support a need to refine the predictions of the SGH for systems with contrasting gradients of water and temperature stress.
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